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Abstract. After introduction of the experimental options available with the Dynamic Ergodic Diver-
tor (DED) and a discussion of the static aspects of the ergodic and laminar zones, the dynamic aspects
of the rotating DED eld are emphasized. The rotating perturbation eld induces a shielding current
which is modelled under dierent assumptions. Interaction of the shielding current with that of the
DED coils results in a torque exerted by the coils on the plasma. The location of the maximum of
this torque with respect to the frequency depends critically on the width of the shielding current,
and for the TEXTOR-DED conditions it is in the frequency band of 1{30 kHz. The DED will have
the option of operation with full power in this band so that the basic investigations on the eld line
penetration can be attempted. The force transferred to the plasma has two components, a weaker
toroidal one and a dominant poloidal one. The toroidal force component has about the same value
as the one from NBI; from the experience with NBI induced plasma rotation, a substantial plasma
acceleration in the toroidal direction is expected. For neoclassical reasons it is not yet clear whether
the dominant poloidal force component will result in a poloidal plasma rotation or a radial force. If
the poloidal rotation is inhibited, a static radial electric eld is estimated on the basis of a revisited
neoclassical theory to be of the order of several kilovolts per metre.
1. Introduction
Progress in plasma connement over recent
decades has been based to a large extent on the care-
ful design of magnetic flux surfaces. The suciently
low error margin from the dierent devices makes it
now possible to extrapolate connement data to a
reactor scenario such that it can be expected that
the plasma of the proposed ITER experiment will
most likely ignite. The basic feature of the magnetic
flux surfaces is their onion-like structure. Magnetic
eld lines stay always on ‘their’ magnetic surface and
for a non-streaming plasma these surfaces also form
isobars. Nevertheless, the existence of flux surfaces
is generally not guaranteed; other, namely ‘ergodic’,
solutions for the magnetic eld line structure are pos-
sible as well. Ergodicity in this particular case means
that any magnetic eld line comes innitely close to
any point in the given ergodic volume. This property
is incompatible with flux surfaces where a eld line
is restricted to one surface.
The formation of an ergodic layer can be an inter-
esting means of destroying the good connement
properties of closed flux surfaces at special locations.
Such a location of interest is the boundary of the
plasma. All power, with the exception of the radi-
ated fraction, introduced into the plasma either by
heating or by particles, which leaves the plasma con-
ductively or convectively passes through a relatively
thin boundary layer. Even in a fusion reactor, this
scrape-o layer will be only one to several centime-
tres thick. The highly concentrated heat flux travers-
ing this layer follows the magnetic eld lines and hits
the divertor target plate or the limiter surface. It has
been shown that the heat flux density is extremely
high for any material to handle. To mitigate the
problem, the concept of a radiative mantle has
been introduced and basic investigations have been
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performed on the TEXTOR tokamak, for example. A
similar goal, namely to distribute the heat flux over
a large wall area, is shared by the new TEXTOR
proposal, the Dynamic Ergodic Divertor (DED) [1]
which is presently under construction. The DED will
create an ergodic boundary layer of the plasma and
thus it is expected to allow an improved screening
of impurities, an optimized use of noble impurities
under high performance RI mode operation and an
enhanced particle removal by the pump limiter ALT-
II. The expression ‘dynamic’ refers to a rotating per-
turbation magnetic eld imposed by the DED coils.
For the rotation, dierent frequencies are foreseen,
such as a few hertz for distribution of the heating
pattern of the divertor strike zones over the large
area of the divertor target plate, or frequencies of up
to 10 kHz which can lead to an unlocking of modes,
or impose a dierential rotation in the plasma edge
and improve connement.
In this context, the high frequency operation of
the DED at frequencies of between 1 and 10 kHz
is of particular interest. The 4 phase AC current in
the DED coils generates a rotating magnetic eld
pattern which imposes a torque at the plasma edge.
The force underlying the torque is directed mainly in
the poloidal direction while a relatively small compo-
nent (10%) is oriented toroidally; this force generates
a radial electric eld and a rotation of the plasma.
In the following, after a description of the DED sys-
tem, the static ergodization pattern is shown. This
is the starting point for considerations on the rotat-
ing DED eld. The rotating eld induces shielding
currents in the highly complicated ergodic structure,
the physics of magnetic eld line reconnection in
this region being a very new eld for investigation
where little is known. This is followed by results
obtained relating to the dynamic eect of the shield-
ing currents, namely the forces imposed by the exter-
nal DED eld on the plasma. Dierent models of
the magnetic eld line reconnection physics in the
ergodic layer have been applied in order to calcu-
late these forces. Finally, estimates of the expected
electric eld strength and of the induced toroidal
rotation are topics of this article.
2. Experimental set-up
The DED is a new conceptual approach which will
be installed in TEXTOR-94 in the year 2001. The
main component of the DED is a set of magnetic
perturbation coils whose purpose is to ergodize the
magnetic eld structure in the plasma edge region;
Figure 1. Experimental set-up of the DED coils. The
perturbation coils are located inside the vacuum vessel at
the high eld side. Each coil goes helically once around
the torus and is oriented parallel to the magnetic eld
lines of the q = 3 surface.
these coils are located inside the vacuum vessel at the
high eld side of the torus, as shown in Fig. 1. The
set consists of 16 individual coils (four quadruples)
plus two compensation coils. The individual pertur-
bation coils, each winding once around the torus, fol-
low the direction of the equilibrium magnetic eld of
the plasma edge (i.e. helically); the radial location of
enhanced interaction where the helical pitch of the
coils exactly matches that of the equilibrium eld
can be ne tuned, for example by varying the plasma
current. By this means, a resonant eect of the exter-
nal perturbation eld is obtained on the edge plasma
at a preselected radius whereby a perturbation cur-
rent of only 15 kA is sucient to create a stochastic
structure.
The ve main perturbation modes (i.e. poloidal
and toroidal Fourier mode combinations) are cen-
tred at m=n = 12=4; this has been selected because
it creates only small local perturbations (magnetic
islands) and avoids undesired disturbances in the
plasma core. By connecting certain perturbation
coils in series, the use of lower m and n is pos-
sible, which is of interest for exciting and system-
atically analysing modes located deeper inside the
torus. In addition, the power supplies are laid out
to allow a superposition of the base 12/4 mode with
either the 6/2 mode or the 3/1 mode. This option
allows to some degree a decoupling of the perturba-
tion strength at the plasma edge from its penetration
depth into the plasma.
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The DED has the unique feature that the pertur-
bation eld is not static as in most other devices but
has the option of rotation. To our knowledge only
the small research tokamak CSTN [2] at Nagoya Uni-
versity has similar features and, at low perturbation
current levels, also the TEXT [3] tokamak. The DED
can be operated DC, at around 50 Hz or at seven
frequencies in the band from 1 to 10 kHz. At low
perturbation current (1.5 kA), the perturbation eld
can be applied across the whole frequency band of
interest for feedback stabilization experiments.
3. Modelling of the
static ergodic layer
The perturbation coils impose structures with dif-
ferent properties in the plasma boundary. The inte-
rior closed flux surfaces, q(r)  2, remain nearly
undisturbed and form for at least well structured
KAM [4] surfaces. Further towards the boundary,
islands develop and start to grow; nally, dierent
islands overlap and form an ergodic sea [5{7], such
that the magnetic surfaces are destroyed. The very
outermost magnetic eld lines intersect the diver-
tor target plate. These eld lines form the ‘lami-
nar zone’ [8]; here the transport changes character
from diusive to convective with plasma streaming
to the plasma facing components as in the conven-
tional scrape-o layer.
Field line tracing and eld line mapping [9, 10] are
basic techniques for investigating the ergodic struc-
ture. These techniques provide a picture of the areas
with intact magnetic surfaces, of island structures
and of ergodized regions. Beyond this, the radial dis-
placement of the eld lines has been evaluated in a
statistical sense and the eld line diusion coecient
as a function of the radius has been derived. The res-
onant radius can be adjusted via the plasma current;
in this way the ergodic zone can be shifted radially
in the range 0:9  r=a  1 keeping the Chirikov
parameter above one.
Individual adjustment of the coil currents allows
the superposition [11] of dierent external base
modes. To minimize the interaction with the core
plasma, high m=n (e.g. m=n = 12=4) numbers are
preferred; for the given coil arrangement, Fourier
mode numbers m  8 can be neglected. This
choice creates many small islands instead of a few
islands with large poloidal extent. The rapid decay
of the perturbation amplitude with distance from
the coils is a problem, however. This decay can be
compensated by an admixture of the m=n = 6=2
mode with the base 12/4 mode. This mode mix-
ing will provide the highest ergodization levels in
TEXTOR-94, with a Chirikov parameter above four
at the plasma edge and remaining larger than one
over a 6 cm wide layer. The maximum tolerable
admixture of the 6/2 mode is judged to be about
30% because from this value on, the q = 2 surface
will merge into the ergodic sea.
Figures 2(a){(c) show Poincare plots for dier-
ent plasma currents (460, 530 and 600 kA) at full
perturbation current. With increasing plasma cur-
rent, the resonant surfaces (2:25  q  3:75) move
towards the outside, closer to the DED coils. In addi-
tion, the amplitude of the perturbation eld increases
with decreasing separation of the resonances from the
perturbation coils [11]; the amplitude varies roughly
with a power of Br / rme , me  20. Therefore the
highest ergodization levels, with Chirikov parameters
of up to 6, are expected for plasma currents of around
600 kA. The results of the eld line mapping seem
at rst glance to be in conflict with this expectation:
the radially widest ergodic zone is found at the rela-
tively low plasma current of 460 kA, while at 600 kA
the properly ergodic zone is only a small band at
a radius at about r = 44 cm. This ‘inconsistency’
will be removed by considerations on the laminar
zone given below. At the intermediate plasma cur-
rent (Fig. 2(b)) the ergodic zone also shows a medium
extent in width.
The outer zones of Figs 2(b) and (c) are nearly
devoid of Poincare intersection points and appear
therefore as white. The absence of the intersection
points is a consequence of stopping the eld line trac-
ing after an intersection with a wall element (pre-
dominantly with the divertor target plate in front
of the coils). The reason for this stopping is that
particles following eld lines would be neutralized
and could leave their eld line. The ‘white’ area
obviously contains eld lines with a short connec-
tion length. This area of short connection length is
called the laminar zone [12, 13]. Because of its short
connection length, the laminar zone is more related
to the scrape-o layer than to the properly ergodic
zone with very long eld line connection lengths. The
attempt to increase the ergodic zone by increasing
the resonant perturbation at the edge evidently leads
more to an increase of the laminar layer than to a
widening of the ergodic zone.
A quantity showing the relevant transport char-
acter of the ergodic zone is the local eld line diu-
sion coecient DFL; it is dened by the mean radial
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Figure 2. Variation of the ergodization pattern with
increasing plasma current (at full perturbation current):
(a) Ip = 460 kA, (b) Ip = 530 kA and (c) Ip = 600 kA.
Owing to the shift of the resonant q surfaces towards
the DED coils, the edge Chirikov parameter increases,
leading to an opening of the laminar zone (eld lines
with short connection length).
displacement of the eld lines at a given radius for
the initial few steps of the eld line mapping. Fig-
ure 3 shows DFL as a function of the radius for the
three plasma currents of Fig. 2. Coming from the
plasma interior, the DFL curves start to increase.
The values for Ip = 460 kA are rather moderate over
the whole radius. The other curves, Ip = 530 kA
and Ip = 600 kA, show a pronounced maximum at
44  r  45 cm and a four times higher amplitude.
The decrease of the curves proceeding left from the
maximum is expected from chaos theory in agree-
ment with the value of the Chirikov parameter. The
decay to the right of the maximum reflects the onset
of a dierent physics mechanism, namely the pres-
ence of the laminar zone: the transport here no longer
has a diusive character but must be described by
convective/conductive processes along the magnetic
eld lines in the laminar zone. As already stated, the
enhanced perturbation at the plasma edge no longer
enhances the diusion coecient but leads to widen-
ing of the laminar zone. The particle diusive trans-
port in the ergodic zone (Dions = DFLcs, cs equals
the sound velocity) reaches at most a few m2/s, the
same order of magnitude as the typical anomalous
transport at the plasma edge. The steep part of the
slope of the curve for the highest plasma current is
slightly shifted to the outside with respect to the
slope of the curve for Ip = 530 kA. This shift results
from the outward shift of the resonances with plasma
current increase.
4. Dynamic aspects
The high frequency aspect of the DED eld has
been analysed in cylindrical approximation [14]. It
has been shown that the ‘low frequency’ (relative
to Ωi) electromagnetic wave of the DED eectively
propagates in the area between coils and resonance
layer as the compressional Alfven wave (fast wave)
[15]. At the resonance layer of the plasma dierent
approximations have been made [14]. The interaction
layer is described by an annulus of nite resistivity
which is a function of the local electron temperature
(skin eect). A theoretical uncertainty is the question
of the radial width of this layer (2"). One reason-
able choice is the width of the ergodic zone derived
from the Poincare plots, which gives a typical value of
2" = 2:5 cm (a); under a second assumption (b) the
characteristic shielding width has been taken as the
width of the statically calculated islands undimin-
ished by overlapping (typically 0.5 cm). This width
is compatible with experiments made on TEXT [3]
506 Nuclear Fusion, Vol. 41, No. 5 (2001)
Article: Plasma rotation induced by the Dynamic Ergodic Divertor
Figure 3. Local eld line diusion coecient DFL as a
function of the radius for cases (a){(c) of Fig. 2.
for a situation of not fully ergodized edge eld. Under
a third assumption (c) a linear MHD theory has been
applied which results in a shielding thickness of less
than a millimetre.
It has also been shown that the interaction of
the external rotating eld with the current driven
in the shielding layer results in the transfer of angu-
lar momentum between DED coil and plasma [14].
The maximum poloidal torque applied to the plasma
amounts to about 100 Nm; this maximum occurs at
a frequency which seems to depend mainly on the
width of the current layer. In detail it depends on
the assumed plasma temperature, on the applied fre-
quency and on the assumed island or ergodization
width. Examples (a){(c) of the torque calculated for
dierent conditions of the shielding current width
are shown in Fig. 11 of Ref. [14]. Even if a poloidal
rotation of the plasma were limited by neoclassical
eects, the toroidal projection of the applied force
would still be somewhat larger than that imposed
by tangential NBI in TEXTOR, however, using r
instead of R to compare the relative forces and (non-
angular) momenta. This beam injection generates a
toroidal rotation of more than 107 cm/s. A com-
bined operation of the high frequency DED with NBI
will allow imposing interesting dierential rotations
between the plasma edge (action of the DED) and
the core (by NBI).
Recently model (c) has been improved by tak-
ing into account the interaction of the background
plasma equilibrium current with the waveeld. As
in the previous attempt, the plasma is described by
the single fluid MHD equations. The essential term
for the plasma interaction stems from the linearized













The new term taken into account is the right-
most one containing the equilibrium current density
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z . We neglect the pressure term as in our previ-
ous treatment | the neglect of the pressure term in
the ergodic zone is consistent with experimental data
from Tore Supra | and obtain nally a dierential




































is the Alfven velocity based on the equilibrium eld
component normal to the direction taken by the eld
at resonance on the rational flux surface q = 3: B =
B(1− nq=m), and ! is the perturbation frequency.
Two terms determine the shape of the solution of
the partial dierential equation:
| The third term reflects the current of the driven
wave, its coecient having a resonance type
character. It is only large if vA;hel=!  jj; in
the case of the TEXTOR DED conditions, this
relation is only fullled over a radial width of
0.2 mm.
| The new term entering the equation is the last
one; it stems from the rightmost term of Eq. (1)
and represents the interaction of the perturba-
tion eld with the equilibrium plasma current.
The importance of this term depends critically
on the equilibrium plasma current prole.
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Therefore a parameter scan of the current distribu-
tion has been performed which is assumed to be of
the type [16]:















i.e.   4 for qa = 4 and q0 = 0:8 as typical operating
conditions.
Since













one can split the shielding current into two terms
j = f2 + f3, where f2 and f3 are the expressions
just discussed. Figure 4 shows the applied torque for
three dierent choices of , namely  = 1, 2 and
5. Only for the relatively broad current distribution
of  = 1 does one see an eect of the equilibrium
current distribution on the shift and broadening of
the curve.
Figure 5 shows the force contributions of the ‘res-
onant’ term of Eq. (2) (f2  Br, solid line) and of
the interaction term involving the equilibrium cur-
rent (f3Br, dotted line) for  = 1 and  = 2. One
sees clearly that the relative contribution from the
interaction term resulting from jz ;equiB
(1)
 as com-
pared with the f3  Br part decreases strongly for
a peaked current distribution. The detailed calcula-
tions show that the contribution of the interaction
term is rather broad for  = 1. In agreement with
the results obtained from the variation of the width
of the interaction zone of our previous model [14],
the increase of the shielding current layer leads to a
decrease of the maximum of the torque with respect
to the frequency. At this maximum, the phase shift
of the shielding current always assumes a value in
the range 50{70. Even though the relative contri-
butions of the f2 and f3 terms change with , the
total force remains the same to within a factor of 2.
Judging from Figs 4 and 5 one would conclude
that the eect of equilibrium current on the shielding
and on the torque can be neglected for typical DED
operation. However, one future scenario involves the
excitation of more internal modes in order to study
mode physics in a reproducible way. In this case, the
interaction with the background current will indeed
be important.
Figure 4. Torque exerted by the perturbation eld on
the plasma. The dierent curves represent the choices of
the plasma current peaking exponent  = 1, 2 and 5.
Only for  = 1 is the current distribution wide enough to
give an important contribution from its interaction with
the DED eld.
5. Estimate of the toroidal
plasma rotation
The velocity pattern and the electric eld strength
are closely coupled. In many cases (sheared) velocity
distribution is of prime interest because it is pre-
sumed to be the main cause for the destruction of
the convective cells [17] in the plasma that are iden-
tied as one of the major channels of energy loss in a
tokamak. Barriers inside the plasma or at the plasma
edge are explained in this way.
The driving force for plasma rotation is the torque
applied by the rotating external DED eld on the
plasma. We consider the eect of the underlying force
component in the toroidal direction separately from
that in the poloidal direction because dierent mod-
els have to be considered. According to the results
from conventional neoclassical theory, a free toroidal
motion of the plasma is allowed and the accelerating






Here  is the rate with which the particles near
the boundary exchange momentum with the wall.
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Figure 5. Contribution of the resonant term of Eq. 2
(f2Br) and of the term describing the interaction with
the equilibrium current (f3Br) for the two values  = 1
and 2. The solid line shows the term f2  Br and the
dotted one f3Br.
A characteristic time of exchange between plasma
edge and wall is given by the particle connement
time, a quantity which is experimentally available
on TEXTOR. To simplify the treatment, a constant




= (1=0:03) s−1 = 33 s−1: (6)
The mass M is the total mass of the plasma because
we assume that in the toroidal direction the whole
plasma will rotate as a rigid body if no additional
toroidal forces are applied (e.g. due to NBI). As
particle content for the total plasma N = 2:4 1020
particles is taken, which corresponds to a medium
density value of TEXTOR-94 (ne = 4  1019 m−3,
ne-edge = 1 1019 m−3).
The force component in the toroidal direction,
Ft, has been treated in the preceding section; the
calculations were done, however, for a non-rotating
plasma. The rotation is taken into account by writing











= 1:1 105 m=s
where R = 1:75 m is the major radius, Ω = 2 
104 s−1 is the angular frequency of the DED eld
and ne = 1 is the toroidal mode number under
consideration. Here we have chosen the m=n = 3=1
mode for the DED to obtain the highest plasma rota-
tion. With these assumptions, the toroidal rotation







This estimate shows that the DED eld will most
likely induce a substantial toroidal plasma rotation
velocity; the plasma velocity, however, does not reach
the full velocity of the perturbation eld but remains
at about half of this value.
6. Considerations on
radial electric eld, current
and poloidal velocity resulting
from the poloidal force,
with an estimate of the current
The following considerations on the radial electric
eld and poloidal force are based on the revisited
neoclassical transport theory [18{20]. In the revis-
ited version, the gyroviscosity and the action of the
energy transfer between electrons and ions on the
temperature and density gradients along the eld
lines are taken into account. These additional terms
then allow for radial electric currents and poloidal
rotation of the plasma.
In the following estimations we take a constant
poloidal force of Fpol = 100 N to act on the
whole plasma, corresponding to a force per parti-
cle of f = Fpol=22Ra2N . If the average density is
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N = 4  1019 m−3, we obtain f = 3  10−19 N. In
the following we use the unit vectors:
n^: unit vector parallel to B,
p^: unit vector orthogonal to the magnetic flux
surfaces (i.e. in the radial direction),
b^: unit vector in the direction of the binormal (i.e.
?B but tangent to the flux surface).
The leading terms of the momentum equations for
electrons and ions can be written as:
0 = −b^ rPe − eNe(b^ E −Bp^ U e) +Neb^ fe
+ b^ R (9)
(for electrons) where fe is the force per particle and
R is the friction force between electrons and ions,
and
miNib^  (U irU i) = −b^ rPi − b^  (r i)
+ eNi(b^ E −Bp^ U i) +Nib^  f i − b^ R (10)
(for ions) where  is the stress tensor. Adding these
equations yields
miNib^  (U i rU i) =−b^ r(Pi + Pe)− b^  [r (i)]
+ eNiB(p^ U e− p^ U i) +Ne(b^ fe+ b^ f i):
(11)
The term b^ r(Pe +Pi) is eliminated by performing
a flux surface averaging. The flux surface average of
the inertia and the stress tensor terms must balance
the flux surface average of the external force term
since the flux surface average of the radial current
must vanish.
The force has the same sign for electrons and
ions and amounts, as already stated, to f = 3 
10−19 N/particle. This would lead, in terms of order
of magnitude, to a relative velocity between electrons
and ions of
p^ U e− p^ U i =−(b^ fe+ b^ f i)=eB = 1 m=s (12)
if the plasma did not react. This drift velocity of
ions and electrons in opposite radial directions cor-
responds to a total current of about Ir = 50 A if
an edge electron density of ne-edge = 1  1019 m−3
is assumed (this is about the same current as is
observed during polarization experiments).
7. Radial electric eld
The ambipolar radial electric eld can be obtained
from Eq. (58) of Ref. [18]. Here the radial elec-
tric eld is E  −h−1 @V (0)=@ ; note that E 
also appears via U (1)k to which it is related by the
radial momentum equation Er = U’B − UB’ +
(eNi)−1@Pi=@r and U’ = Uk. For an order of mag-
nitude estimate, only the last two terms on the right
hand side of the equation including K, which can
be identied with
K = −Ωi(B=B’)N(p^ U e − p^ U i) (13)
















b^  (fe + f i)
eB
(14)
where L? is a characteristic gradient length scale and
a2i = Ti=miΩ
2
i ; note that
Er=L
2
? / b^  f=a2i (15)
In order to obtain a quantitative estimate we intro-
duce for the ion collision time
i
[s]
= 1:41 1012A1=2i T 3=2i (eV)[Ze;iNi (m−3)]−1:
(16)













Assuming q = 3, r=R = 1=4, B=B’ = 1=12,
Ze;ini = 2  1019 m−3, Ti = 200 eV, B = 2:25 T



















If the width of the ergodic zone is introduced for
L?, we obtain Er  (3{30) kV/m, comparable to
values reported in H mode [21] transport barriers
and polarization [22] experiments.
8. Conclusions
Considerable progress has been made in recent
years in the understanding of the static ergodic diver-
tor [12], both theoretically and experimentally. It has
been understood that the ergodic zone with very long
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magnetic eld lines | which show (sub-)diusive
properties in a nite volume | and the laminar zone
with open eld lines are important, and that both
regions have dierent and partially complementary
properties. For analysing the ergodic zone and the
transport in that region, powerful mapping methods
have been developed.
The understanding of a rotating perturbation
magnetic eld, on the other hand, is very new ground
and this contribution is one of the rst steps into the
eld. A rst basic question concerns the physics of
the reconnection of the magnetic eld in an ergodized
layer and what assumption to make about the thick-
ness of the induced shielding current layer there. An
earlier model of the shielding current is extended and
new results are presented for the torque exerted by
the external eld on the plasma.
These force components are used as input into the
revisited neoclassical theory and tentative rst steps
are taken towards nding out whether the forces
transferred from the DED are sucient to impose
a substantial plasma rotation. Even though not all
terms of the basic equations were evaluated, it seems
very likely that these forces are indeed large enough
to obtain a toroidal rotation of the whole plasma col-
umn with velocities of the order of the DED rotation
velocity. The radial electric eld is of the same order
of magnitude as that we are used to in polarization
H mode.
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